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Quantum Hall edge channels at integer filling factor provide a unique test-bench to understand
decoherence and relaxation of single electronic excitations in a ballistic quantum conductor. In this
Letter, we obtain a full visualization of the decoherence scenario of energy (Landau) and time (Lev-
itov) resolved single electron excitations at filling factor ν = 2. We show that the Landau excitation
exhibits a fast relaxation followed by spin-charge separation whereas the Levitov excitation only
experiences spin-charge separation. We finally suggest to use Hong-Ou-Mandel type experiments to
probe specific signatures of these different scenarios.
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The recent demonstration of on-demand single electron
sources able to inject single electronic excitations into
quantum Hall edge channels1–3 or 2DEG4,5 has opened
a new era of quantum coherent electronics. By com-
bining these sources to electronic beam splitters, ex-
periments analogous to the celebrated Hanbury-Brown
and Twiss and Hong-Ou-Mandel6 experiments have been
demonstrated at the single electron level7,8 thus open-
ing the way to electron quantum optics9,10. However,
this emerging field goes beyond a simple analogy with
photon quantum optics: first of all, the Fermi statistics
of electrons differs from the Bose statistics of photons
and leads to the Fermi sea, a state with no analogue in
photon quantum optics. Moreover, electrically charged
electrons experience Coulomb interactions which, despite
screening, are expected to induce strong decoherence ef-
fects as demonstrated by Mach-Zehnder interferometry
experiments11–15. Moreover, an in-depth study of the re-
laxation of a non-equilibrium electronic distribution at
filling factor ν = 2 has shown that a description of the
quantum Hall edge channels in terms of Landau quasi-
particle excitations is not valid16,17.
Although the above results on single electron relax-
ation and decoherence have been obtained by considering
stationary sources and time averaged quantities such as
the electron distribution function, the recent demonstra-
tion of the electronic Hong-Ou-Mandel (HOM) experi-
ment8 calls for a time resolved approach to single electron
coherence taking into account the finite duration of the
electronic excitation. The aim of this Letter is precisely
to discuss the decoherence scenario of two single electron
excitations emitted by state of the art sources. First, the
Landau quasi-particles correspond to a Lorentzian wave
packet in energy emitted by a properly operated quantum
dot1. Secondly, the Levitov quasi-particles or Levitons4
are the minimal single electron state obtained by apply-
ing a Lorentzian time-dependent potential with quan-
tized flux18. We show that comparing the real time as-
pects of their decoherence brings a better understanding
of the underlying mechanisms of electronic decoherence
whose specific features could be experimentally tested in
HOM experiments.
Recently, finite frequency admittance measurements
have demonstrated the existence of collective neutral and
charged modes of the ν = 2 quantum Hall edge channel
system19. At low energy, this experiment has validated
the physical picture of two non dispersive eigenmodes
emerging from strong inter-channel effective Coulomb in-
teractions: the fast mode carries the total charge whereas
the slow one is neutral (dipolar) and therefore, in spin
polarized channels, is expected to carry only spin. The
existence of these two modes leads to the well known
image of spin-charge separation20 clearly valid for collec-
tive excitations generated by a time dependent voltage
pulse21 such as the Levitons4.
But is this simple image still valid when considering
an arbitrary single electron excitation? In particular,
can spin-charge separation be observed for an energy re-
solved single electron excitation? Looking at the time
dependent average current, the answer is certainly yes:
at strong inter-channel coupling, the current pulse asso-
ciated with a single electron excitation is expected to split
into two current pulses propagating at the slow and fast
velocities and carrying a fractional charge21–23. Recent
time resolved measurements of electrical currents have
confirmed this picture for two counter-propagating edge
channels24. On the other hand, the energy relaxation
does not show such a splitting between charge and spin:
the energy resolved excitation disappears into a wave of
electron/hole excitations9,25. As we shall see in this Let-
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2ter, the proper way to reconciliate these two apparently
discording points of view is to work within the Wigner
function approach26 thus gaining access to both the time
course and energy content of single electron coherence.
To this end, we consider the relaxation of an arbitrary
single electron excitation described by a many-body state
|ϕe, F 〉 =
∫
ϕe(x)ψ
†(x)|F 〉dx involving an arbitrary nor-
malized purely electronic wave packet ϕe(x) above the
Fermi sea |F 〉. The quantity of interest is the single elec-
tron coherence G(e)ρ,x(t, t′) = 〈ψ†(x, t′)ψ(x, t)〉ρ at position
x and in the time domain9,27. In the present letter, the
excitation is injected into an interaction region as de-
picted on Fig. 1. Our main result is the non-perturbative
computation of the outcoming single electron conherence
(x in the out region) in terms of the incoming wave packet
ϕe(x) and of the interactions. To visualize the result, the
Wigner function defined as26:
W (e)ρ,x(t, ω) =
∫
vF G(e)ρ,x
(
t+
τ
2
, t− τ
2
)
eiωτdτ (1)
provides a very convenient real-valued representation for
the single electron coherence. It describes the nature of
excitations (electron-like for ω > 0 and hole-like for ω <
0) as well as real time aspects: both the electron distri-
bution function fe(ω) and the average electrical current
〈i(x, t)〉 are marginal distributions of the Wigner func-
tion, respectively obtained by averaging over time or inte-
grating over ω26. The Wigner function contains a Fermi
sea contribution ensuring that W (e)(t, ω) → 1 when
ω → −∞ and the excess Wigner function ∆W (e)ρ,x(t, ω)
defined by subtracting the Fermi distribution function at
the chemical potential at position x thus represents the
contribution of excitations.
Panel (a) of Fig. 2 presents the excess Wigner func-
tion of the Landau single electron excitation of duration
τe = γ
−1
e injected at an energy ~ωe above the Fermi level.
Since ωe/γe = 10, it is well separated from the Fermi sea.
The corresponding Lorentzian peak of the excess electron
distribution function δfe(ω) can be seen on panel (c) of
Fig. 4 while the corresponding current pulse is shown on
panel (a). By contrast, the excess Wigner function of
a Levitov excitation depicted on Panel (a) of Fig. 3 is
not well separated from the Fermi sea. Both of them are
purely electronic: they vanish in the half plane ω < 0
corresponding to hole excitations.
Let us now send such a coherent single electron ex-
citation through an interaction region of finite length
as shown on Fig. 1. Within this region, electrons ex-
perience screened Coulomb interactions with neighbor-
ing edge channels, other mesoscopic conductors and
gates. In many experimentally relevant cases, such ef-
fective interactions can be described in terms of edge-
magnetoplasmon scattering28–30 which are charge den-
sity waves along the edge channel. Assuming that all
conductors involved are in the linear response regime
when a single electron excitation passes through, this
scattering is elastic. In this simple picture depicted on
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FIG. 1: A single electron excitation prepared in a coherent
wave packet ϕe enters a finite length interaction region. The
edge channel comes out entangled with the environmental de-
grees of freedom. In the case of two edge channels, the second
channel plays the role of the environment.
Fig. 1, an incoming sinusoidal charge density wave at
pulsation ω generates excitations at the same frequency
in the environmental modes through the capacitive cou-
pling between the edge channel and its electromagnetic
environment. Under this hypothesis, the evolution of the
many-body state |ϕe, F 〉 can be completely described in
terms of the edge magnetoplasmon transmission ampli-
tude t(ω)25. This also suggests that interactions are most
conveniently handled in the frequency domain.
Our key result is an analytical expression for the out-
coming single electron coherence in the frequency domain
G˜(e)out(ω + Ω/2, ω − Ω/2) where ω and Ω are respectively
conjugated to t − t′ and (t + t′)/2 in G(e)out(t, t′). The
outcoming coherence is obtained in terms of the excess
coherence of the incoming wave packet
G˜(e)out
(
ω +
Ω
2
, ω − Ω
2
)
=∫ +∞
−∞
K (ω, ω′; Ω) ϕ˜e
(
ω′ +
Ω
2
)
ϕ˜∗e
(
ω′ − Ω
2
)
dω′ (2)
in which the propagator K (ω, ω′; Ω) encodes the effect of
interactions on single electron excitations and ϕ˜e(ω) de-
notes the Fourier transform of ϕe(−vF t). Contrary to the
expressions obtained for energy resolved single electron
excitations25, Eq. (2) and the analytical expressions for
K (ω, ω′; Ω) given in appendix B describe both the time
and energy dependence of electronic relaxation. They
provide the exact solution to the relaxation and deco-
herence problem for any incoming single electronic wave
packet and for generic effective screened Coulomb inter-
actions described within the framework of elastic edge
magnetoplasmon scattering. In this Letter, we focus on
the case of the ν = 2 edge channel system with short
range interactions, at strong coupling20 and zero tem-
perature (see appendix A).
Numerical evaluations of the outcoming Wigner func-
tion for an incoming Lorentzian wavepacket in the energy
domain centered around ~ωe and of width γe = τ−1e are
depicted on Fig. 2 for various propagation distances or,
equivalently, times of flight. These results shed light on
the decoherence scenario of the Landau quasi-particle: it
3clearly involves a time scale separation. In the limit of an
energy resolved wave packet γe  ωe, the single electron
coherence around ωe relaxes close to the Fermi level after
a propagation distance proportional to ω−1e . Then, after
a propagation distance proportional to the wave packet
duration γ−1e  ω−1e , the single electron coherence splits
into two parts progressing at the velocities of the two
edge magnetoplasmon eigenmodes, thus giving birth to
collective excitations close to the Fermi sea. The first
phenomenon is indeed associated with energy relaxation
probed by Le Sueur et al17 whereas the second one corre-
sponds to the expected charged/neutral mode separation
probed by Bocquillon et al19. This decoherence scenario
should be compared to the one for the Levitov quasipar-
ticle shown on Fig. 3: the Leviton splits into two half-
Levitons which are Lorentzian current pulses carrying a
charge −e/2. The only time scale appearing corresponds
to the time needed to fractionalize a Leviton21–23.
The difference between these two situations arises from
the nature of the incoming many-body states: for the
Leviton, it is a coherent state of the edge magnetoplas-
mon modes or, equivalently, a quasi-classical charge den-
sity wave21. Since the interaction region acts as a fre-
quency dependent beam splitter for the edge magne-
toplasmons, the Leviton many-body state does not en-
tangle with environmental degrees of freedom. In other
words, it is a pointer state31 which does not experience
decoherence. The Wigner function changes shown on
Fig. 3 come from electron/hole pair generation in this
pure many-body state.
On the other hand, the many-body state corresponding
to the Landau quasi-particle is a coherent superposition
of such pointer states. It is thus subject to decoherence
induced by entanglement with the second edge channel.
Depending on the copropagation distance, the outcoming
many-body state of the edge channel under consideration
is a partly decohered mixture of coherent states, each of
them corresponding to a localized electronic excitation
dressed by a cloud of electron-hole pairs (see appendix
B). This extrinsic decoherence manifests itself through
the rapid decay of the Wigner function at the initial in-
jection energy ~ωe.
Therefore, the rapid electronic relaxation shown on
Fig. 2 should be viewed as the electronic analogue of
the decay of interference fringes expected for the Wigner
function of the superposition of two coherent states of an
electromagnetic mode recently observed in cavity QED
experiments32. Here, it arises from the decoherence of a
mesoscopic superposition of quasi-classical charge density
waves. This process takes place over a shorter time than
the evolution of each of these quasi-classical states which
corresponds to the spin-charge separation of the current
pulses. Once this decoherence process has taken place,
the outcoming many-body state is an incoherent mixture
of fractionalized localized electronic excitations. We con-
firm this scenario by computing both the current pulse
and the electron distribution function corresponding to
each of the Wigner functions of Fig. 2: the decay of the
quasi-particle peak takes place at short times (Fig. 4c).
During this time the current pulses are almost unsepa-
rated (Fig. 4a) and no hole excitations are created, thus
confirming that it is a purely extrinsic decoherence ef-
fect. As the separation of the two half-charge current
pulses becomes more visible (Fig. 4b), hole excitations
are created (Fig. 4d).
For typical duration of the wave packet generated by
single electron sources8 τe ' 60 ps and typical velocity
of the slow mode19 vs ' 4.6× 104 m s−1, energy relax-
ation takes place over a propagation distance smaller
than vsτe ' 2.8 µm. Therefore, without any decoher-
ence/relaxation preserving design15,33, the single electron
coherence measured after a few µm propagation along a
second edge channel corresponds to collective excitations
close to the Fermi sea such as the one depicted on panel
(f) of Fig. 2. This decay of single electron coherence is
responsible for the reduction of contrast in MZI interfer-
ometry experiments20,34. Moreover, as pointed out by
Wahl et al35, interactions also lead to a reduction of the
Pauli dip in HOM experiments, as recently observed8.
Since the experimental signal in an Hong-Ou-Mandel
interferometer is directly related to the overlap of the two
incoming excess Wigner functions26, HOM experiments
can efficiently probe the outcoming single electron coher-
ence with sub-nanosecond time resolution. First of all,
the side peak structures in the HOM signal predicted by
Wahl et al35 reflect the splitting of the outcoming col-
lective excitation Wigner function with increasing prop-
agation distance as can be seen on panels (d) to (f) of
Fig. 2. But more generally, using for example very nar-
row Lorentzian pulses42 and a d.c. bias, an HOM-like
experiment would probe the precise time and frequency
dependence of the outcoming Wigner function. Anti-
Levitons (Lorentzian pulses carrying charge +e) could
be used to probe both the time and frequency depen-
dence of the outcoming Wigner function for ω < 0 and
the corresponding HOM signal may exhibit contributions
from the electron/hole coherences generated by interac-
tions36. Finally, the edge magnetoplasmon decoherence
manifests itself through a striking phenomenon: once it
has taken over, because all contributions arising from the
initial coherence ϕe(t+)ϕ
∗
e(t−) at different times t+ 6= t−
are suppressed, the outcoming single electron coherence
only depends on |ϕe(t)|2. Consequently, it only depends
on the shape of the incoming current pulse and not on
its injection energy. This striking feature can be easily
tested in an HOM experiment: the HOM curve should
not change when modifying the injection energy of the
electron while keeping the duration of the wave packet
constant as long as it is injected well above the Fermi
level. The precise shape of this curve does however de-
pend on the form of effective interactions19. This depen-
dence as well as the effect of non-zero temperature will
be explored in a subsequent publication.
To conclude, we have computed the Wigner function
of a coherent single electron excitation after propagating
across an interaction region of the ν = 2 edge channel
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FIG. 2: (Color online) Excess Wigner function ∆W
(e)
out(t, ω) at various propagation times for a Lorentzian wave packet in
energy (Landau excitation) of lifetime τe = γ
−1
e emitted at energy ~ωe = 10~τ−1e . The Fermi level is indicated as an horizontal
dashed line at ω = 0. The various plots correspond to increasing propagating lengths expressed in terms of times of flight: τs
for the slow mode and τc = τs/20 corresponds to the fast mode. The time shift τ¯ = (τc + τs)/2 compensates for the global drift
of the excitations. The initial excess Wigner function is depicted on panel (a). Most of the electronic relaxation takes place
at short times of flight (panels (a) to (c)) whereas the spin-charge separation appears over longer times of flight (panels (d) to
(f)).
(a) τs = 0 (b) τs = 10τ0 (c) τs = 20τ0
-20 0 20
(t− τ¯)/τ0
-1
0
1
2
3
ω
τ 0
-20 0 20
(t− τ¯)/τ0
-1
0
1
2
3
ω
τ 0
-20 0 20
(t− τ¯)/τ0
-1
0
1
2
3
ω
τ 0
0
1
2
FIG. 3: (Color online) Excess Wigner function ∆W
(e)
out(t, ω) of a single electronic Leviton of width τ0 for various propagation
times: τs (resp. τc) denotes the time of flight of the spin (resp. charged) mode within the interaction region and τc = τs/20
and τ¯ = (τs + τc)/2. The incoming Leviton splits into two half-Levitons which are collective excitations.
system. We have unraveled fundamental difference be-
tween the decoherence scenario of the Landau and Lev-
itov quasi-particles that reflects the decoherence of the
corresponding final many-body states. We suggest that
HOM type experiments could probe the incoherent mix-
ture of fractionalized localized electronic excitations re-
sulting from the effect of Coulomb interactions on the
Landau quasi-particle. In particular, we propose a sim-
ple test of this decoherence based on the HOM experi-
ment. These experimental tests would provide useful in-
formation on the decoherence mechanisms and effective
interactions at a much lower experimental cost than the
generic tomography protocols based on HBT38 or MZI39
interferometry.
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FIG. 4: (Color online) We present the average current 〈i(t)〉
in units of −e/τe (top row) and the excess electron distribu-
tion function δfe(ω) (bottom row) at the same propagation
distances as on Fig. 2 for an initial Lorentzian wave packet
in energy (Landau excitation) of lifetime τe = γ
−1
e and en-
ergy ~ωe = 10~τ−1e . The initial 〈i(t)〉 and δfe(ω) appear
as filled black curves on all panels. For short propagation
times (panels (a) and (c)), the current peaks are not very well
separated and no hole excitations are created but the quasi-
particle peak in the electron distribution function strongly
decays. For longer propagation times (panels (b) and (d)),
hole excitations appear as the current pulse fractionalizes in
two well separated peaks whereas the quasi-particle peak re-
mains small.
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Appendix A: Interactions and edge-magnetoplasmon
scattering
In this paper, we consider the ν = 2 edge channel
system and review the description of screened Coulomb
interactions in terms of edge magnetoplasmon scattering.
To begin with, let us, in full generality, consider a quan-
tum Hall edge channel capacitively coupled to a linear
environment such as, for example, an external gate of
size l connected to an impedance representing a dissipa-
tive circuit25 or a second edge channel20,30. The inter-
action region is assumed to be of finite length. Solving
the equations of motion for the bosonic degree of free-
dom describing the edge channel (edge magnetoplasmon
modes) and the environmental bosonic modes then leads
to an elastic scattering matrix that describes the effect of
the interaction region on both the edge-magnetoplasmon
and the environmental modes. The precise form and fre-
quency dependence of this matrix depends on the precise
form of effective Coulomb interactions used in the model.
The edge magnetoplasmon scattering matrix is indeed re-
lated to the finite frequency admittances of the conduc-
tors25,28,29, thus enabling an experimental determination
of such plasmon scattering amplitudes19.
We now focus on two copropagating edge channels cou-
pled over a distance l by short range effective screened
Coulomb interactions. Over a copropagation distance
l, such short range interactions lead to the dispersion-
less propagation of the two edge magnetoplasmon modes
which are called the slow and the fast modes with re-
spective velocities vs and vc (vc > vs). The interaction
strength is characterized by a single angular parameter θ
which determines how these eigenmodes are expressed as
linear combinations of the edge magnetoplasmon modes
of the two edge channels. Importantly, the strong cou-
pling regime corresponds to θ = pi/220. In this regime,
the fast mode is symmetric and therefore carries the total
charge: this is why we denote it by the subscript c. The
slow mode is then neutral and corresponds to opposite
charges on both edges. For this reason, the neutral mode
is often called dipolar or, assuming that both edge chan-
nels carry opposite spins in the quantization direction
given by the magnetic field, the spin mode. This leads
to the following edge-magnetoplasmon scattering30:
S(ω) =
(
ps e
iωτs + pc e
iωτc q
(
eiωτc − eiωτs)
q
(
eiωτc − eiωτs) pc eiωτs + ps eiωτc
)
, (A1)
where τs = l/vs and τc = l/vc respectively denotes the
time of flight of the slow and fast modes and
ps/c =
1± cos(θ)
2
, q =
sin(θ)
2
. (A2)
Because the edge magnetoplasmon modes are dispersion-
less, the charge density wave generated by applying a
time dependent voltage drive to one of the two edge
channels propagates in a very simple way: a classical
drive generates an edge magnetoplasmon coherent state
which thus propagates just as a classical electromagnetic
wave through a frequency dependent beam splitter. As
a consequence, the outcoming quantum state is just a
tensor product of two edge magnetoplasmon states that
correspond to the outcoming transmitted and reflected
waves21. Fig. 5 depicts the result of this process for
an incoming Lorentzian pulse in the time or space do-
main such as, for example, the recently generated Levitov
quasi-particle or Leviton4: due to the absence of disper-
sion for the fast and slow eigenmodes21, this excitation
splits into two Lorentzian pulses with half amplitude.
Recently, finite frequency admittance measurements
by Bocquillon et al19 have shown that this picture is valid
6at low energies and that the eigenmodes correspond to
the strong coupling case θ = pi/2. Fractionalization has
also been recently confirmed by Heiblum et al through
noise measurements but with a different mixing angle
(θ ' pi/3)40. Nevertheless, we shall focus on the strong
coupling case in this paper.
Appendix B: Computing single electron coherence
We shall now present the method used to compute
the single electron excess coherence coming out of the
interaction region. The analytical expressions used for
numerical evaluations are valid at zero temperature, for
arbitrary incoming single electron wave packet and for
arbitrary effective interactions described by edge magne-
toplasmon scattering. We proceed by deriving numeri-
cal expressions for the excess single electron coherence
in the frequency domain. The excess Wigner function26
is then evaluated by performing a discrete Fourier trans-
form (DFT).
1. Computing the outcoming single electron
coherence
Let us consider an incoming many-body state of the
form
|ϕe, F 〉 = vF
∫
ϕe(t)ψ
†(t) |F 〉dt (B1)
where ϕe(t) denotes the electronic wave packet evaluated
at x = −vF t. The resulting incoming single electron
coherence is then obtained as a double integral involving
a four point fermionic correlator:
G(e)out
(
t+
τ
2
, t− τ
2
)
= v2F
∫
ϕe(t+)ϕe(t−)∗
〈
ψ(t−)ψ†
(
t− τ
2
)
ψ
(
t+
τ
2
)
ψ†(t+)
〉
F
dt+dt− (B2)
where 〈A〉F denotes the quantum average of A in the
Fermi sea |F 〉. Using Wick’s theorem, the incoming sin-
gle electron contribution is obtained as the sum of two
contributions, one corresponding to the Fermi sea and
one corresponding to the electronic wave packet:
G(e)in
(
t+
τ
2
, t− τ
2
)
= G(e)F (τ) + G(e)in,wp
(
t+
τ
2
, t− τ
2
)
(B3a)
G(e)in,wp
(
t+
τ
2
, t− τ
2
)
= v2F
∫
ϕe(t+)ϕe(t−)∗
〈
ψ
(
t+
τ
2
)
ψ†(t+)
〉
F
〈
ψ
(
t− τ
2
)
ψ†(t−)
〉∗
F
dt+dt− (B3b)
where G(e)F (τ) = 〈ψ†(0)ψ(τ)〉F denotes the single electron
coherence of the Fermi sea. Since we consider a purely
electronic wave packet ϕe the two point fermionic corre-
lators can safely be replaced by δ functions, thus leading
to the familiar expression for the excess single electron
coherence ∆G(e) = G(e) − G(e)F :
∆G(e)in
(
t+
τ
2
, t− τ
2
)
= ϕe
(
t+
τ
2
)
ϕe
(
t− τ
2
)∗
. (B4)
In order to compute the outcoming single electron coher-
ence within the bosonization framework, we first trace
out over the environmental degrees of freedom. The out-
coming single electron coherence is then equal to:
G(e)out
(
t+
τ
2
, t− τ
2
)
= v2F
∫
ϕe(t+)ϕe(t−)∗Dext(t+ − t−)
〈
g(t−)
∣∣∣ψ(t−)ψ† (t− τ
2
)
ψ
(
t+
τ
2
)
ψ†(t+)
∣∣∣ g(t+)〉 dt+dt− .
(B5)
where Dext(t+ − t−) is the extrinsic decoherence coeffi-
cient that arises from the imprints left in the external en-
vironment by localized fermionic excitations located at t+
7x = 0
x = 0
x = l
x = l
a)
b)
1
2
vs
vc
⌧s   ⌧c
FIG. 5: Propagation of a Lorentzian pulse in the ν = 2 edge channel system in the presence of short range interactions at strong
coupling: (a) a Lorentzian pulse is injected on one of the two edge channels before the interaction region; (b) this excitation
has been fractionalized leading to a fast moving charge excitation c and a slow moving neutral excitation s.
and t−. It is given in terms of the scattering probability
R(ω) of an edge magnetoplasmon into the environmental
modes at the same frequency25:
Dext(τ) = exp
(∫ +∞
0
R(ω) (eiωτ − 1)dω
ω
)
(B6)
in whichR(ω) = |S12(ω)|2. The states |g(t±)〉 in Eq. (B5)
are the edge magnetoplasmon coherent states describ-
ing the corresponding electron/hole pair clouds generated
into the edge channels by screened Coulomb interactions:
|g(t±)〉 =
⊗
ω>0
∣∣∣∣eiωt±√ω (1− t(ω))
〉
. (B7)
where t(ω) = S11(ω) denotes the edge magnetoplasmon
transmission amplitude. This finally leads to an expres-
sion for the outcoming single electron coherence that gen-
eralizes Eq. (B2) as:
G(e)out
(
t+
τ
2
, t− τ
2
)
= v2F
∫
ϕe(t+)ϕe(t−)∗
〈
ψ(t−)ψ†
(
t− τ
2
)
ψ
(
t+
τ
2
)
ψ†(t+)
〉
F
Dt+,t−(t, τ) dt+dt− (B8)
where the full decoherence coefficient Dt+,t−(t, τ) takes
into account both the effect of extrinsic decoherence and
of the overlap of the accompanying clouds of electron hole
pairs. It also takes into account the effect of the time
dependent electrical potential generated by these coher-
ent electron/hole pairs: this potential acts as a quan-
tum phase on the electrons. Due to time translation
invariance of the dynamics, it is relevant to decompose
t± = t¯± τ¯ /2 since in this case Dt¯+τ¯/2,t¯−τ¯/2(t, τ) only de-
pends on τ , τ¯ and t− t¯. The full decoherence coefficient
is finally equal to:
Dt¯+τ¯/2,t¯−τ¯/2(t, τ) = exp
(∫ +∞
0
(1− t∗(ω))eiω(t−t¯)
[
eiωτ/2 − e−iωτ/2
]
eiωτ¯/2
dω
ω
)
× exp
(∫ +∞
0
(1− t(ω))e−iω(t−t¯)
[
e−iωτ/2 − eiωτ/2
]
eiωτ¯/2
dω
ω
)
. (B9)
In the case of short range interactions, Eqs. (B8) and
(B9) lead to an expression for the outcoming single elec-
tron coherence involving algebraic functions whose in-
frared divergences are not easy to control35. In order
to evaluate the outcoming single electron coherence, it
is then more convenient to go to the frequency domain
and to use Wick’s theorem to decompose the four point
correlator in Eq. (B8) as a sum of products of two point
8correlators. Moreover, this method enables treating var-
ious effective interactions. It opens the way to the com-
parison of their effect on electronic decoherence as will
be discussed in a forthcoming publication.
The outcoming single electron coherence is thus ob-
tained as a sum of two contributions which generalize
the decomposition given by Eqs. (B3a) and (B3b) in the
case where interactions are present:
G(e)out
(
t+
τ
2
, t− τ
2
)
= G(e)out,mv
(
t+
τ
2
, t− τ
2
)
+ G(e)out,wp
(
t+
τ
2
, t− τ
2
)
(B10a)
G(e)out,mv
(
t+
τ
2
, t− τ
2
)
=
∫
ϕe(t+)ϕe(t−)∗Kmv(t, τ |t+, t−) dt+dt− (B10b)
G(e)out,wp
(
t+
τ
2
, t− τ
2
)
=
∫
ϕe(t+)ϕe(t−)∗Kwp(t, τ |t+, t−) dt+dt− . (B10c)
The two propagators Kmv and Kwp are given in the time
domain by:
Kmv(t, τ |t+, t−) = v2F
〈
ψ†
(
t− τ
2
)
ψ
(
t+
τ
2
)〉
F
〈ψ(t−)ψ†(t+)〉F Dt+,t−(t, τ) (B11a)
Kwp(t, τ |t+, t−) = v2F
〈
ψ
(
t+
τ
2
)
ψ†(t+)
〉
F
〈
ψ†
(
t− τ
2
)
ψ(t−)
〉∗
F
Dt+,t−(t, τ) (B11b)
In the case of weak interactions with limited bandwidth,
the two contributions to single electron coherence are
well separated25: Eq. (B11a) contains the Fermi sea agi-
tated by the electron/hole pairs generated by the incom-
ing electronic excitation through effective Coulomb in-
teractions whereas Eq. (B11b) encodes the contribution
of the incoming single electron excitation experiencing
relaxation.
Due to time translation invariance, the propagator ex-
pressed in the time domain only depends on τ , τ¯ and
the time difference t− t¯. Consequently, in the frequency
domain, we have:
G(e)mv
(
ω +
Ω
2
, ω − Ω
2
)
=
∫ +∞
−∞
ϕ˜e
(
ω′ +
Ω
2
)
ϕ˜∗e
(
ω′ − Ω
2
)
Kmv (ω, ω
′; Ω) dω′ (B12a)
G(e)wp
(
ω +
Ω
2
, ω − Ω
2
)
=
∫ +∞
−∞
ϕ˜e
(
ω′ +
Ω
2
)
ϕ˜∗e
(
ω′ − Ω
2
)
Kwp (ω, ω
′; Ω) dω′ (B12b)
where Kmv(ω, ω
′; Ω) and Kwp(ω, ω′; Ω) are the Fourier
transforms of the two propagators defined by Eqs. (B11a)
and (B11b) with respect to τ , τ¯ and t − t¯. The com-
plete propagator that appears in Eq. (2) of the paper is
then K(ω, ω′; Ω) = Kmv (ω, ω′; Ω) + Kwp (ω, ω′; Ω). We
shall now derive their explicit expressions which have
been used to obtain the numerical results presented in
the paper.
2. Explicit expressions
a. The free propagators
To begin with, for vanishing interactions,
Dt+,t−(t, τ) = 1. In this case, the coherence prop-
9agators can easily be evaluated:
K(0)mv(ω, ω
′; Ω) = 2piδ(Ω) fF (ω) (1− fF (ω′)) (B13a)
K(0)wp (ω, ω
′; Ω) = 2piδ(ω − ω′)
(
1− fF
(
ω +
Ω
2
))
×
(
1− fF
(
ω − Ω
2
))
(B13b)
in which fF (ω) = Θ(−ω) denotes the zero temperature
Fermi function. The δ(Ω) in Eq. (B13a) reflects the sta-
tionarity of K
(0)
mv which at zero temperature, restores the
Fermi sea contribution to single electron coherence. The
δ(ω − ω′) in Eq. (B13b) reflects the fact that, for van-
ishing interactions, no dissipative processes are present.
Note that at zero temperature, K
(0)
wp is non vanishing only
when both ω+ = ω + Ω/2 and ω− = ω − Ω/2 are posi-
tive. In this case, (ω + Ω/2, ω − Ω/2) is said to belong
to the (e) quadrant26. This contribution gives the excess
single electron coherence associated with the incoming
wave packet. Of course, we are interested in the excess
single electron coherence and therefore, we shall always
subtract the contribution K
(0)
mv that leads to the Fermi
sea from the propagator.
b. The interacting case: general properties of the
propagators
In the interacting case, the decoherence coefficient
Dt+,t−(t, τ) is no longer equal to unity and should there-
fore be taken into account. Fig. 6 depicts how the co-
herence of the incoming wave packet contributes to the
outcoming excess coherence after the interaction region.
The initial coherence only contributes to the out-
coming coherence at lower energies because we work
at zero temperature and therefore there are no heat-
ing effects. Moreover, the incoming excess coherence at
(ω′+ Ω/2, ω′−Ω/2) cannot contribute to the outcoming
coherence at (ω + Ω/2, ω − Ω/2) for ω < −ω′ since the
incoming electron at energy ~ω′ > 0 cannot generate an
electron/hole pair excitation of energy higher than ~ω′.
The Pauli exclusion principle then leads to the selection
rule K(ω, ω′; Ω) = 0 for ω < −ω′.
c. Basic blocks
Apart from the case of free propagation, it is impos-
sible to find closed compact expressions for these propa-
gators. Consequently, a numerical evaluation has to be
performed which, as we shall see now, can be quite chal-
lenging and requires a careful methodology to be both
effective and accurate.
As explained before, the best strategy is to evaluate the
propagators in the frequency domain. In the interacting
case, the novelty comes from the decoherence coefficient
Ω
2
ω ω+ω−
ω′
−ω′
(e)
(h)
(e/h)(e/h)
FIG. 6: Propagation of single electron coherence in the fre-
quency domain: the coherence of the incoming electronic
wavepacket at (ω′ + Ω/2, ω′ − Ω/2) (ω′ > 0) contributes to
the excess outcoming coherence at (ω + Ω/2, ω − Ω/2) for
−ω′ ≤ ω ≤ ω′ (points belonging to the vertical black line).
Grey zone: localization of the incoming single electron co-
herence in the frequency domain for a Landau quasi-particle.
Light grey zone: localization of the excess outcoming single
electron coherence. The frequency domain is divided in four
quadrants26: two of them corresponding respectively to elec-
tron (e) and hole (h) excitations and two off-diagonal quad-
rants associated with electron/hole (e/h) coherences. Interac-
tions are expected to generate both of them from an incoming
excitation located within the (e) quadrant.
Dτ¯/2,−τ¯/2(t + τ/2, t − τ/2). Its Fourier transform with
respect to τ , τ¯ and t can be obtained as a convolution
involving the Fourier transforms:
Γ±(ω) =
∫ +∞
−∞
eiωt exp
(
±
∫ +∞
0
(1− t(ω′))(eiω′t − 1)dω
′
ω′
)
dt .
(B14)
Assuming that
Λ± = exp
(
∓
∫ +∞
0
(1− t(ω))dω
ω
)
is finite and non zero, which can always be ensured by a
suitable UV regularization since it is known that t(ω)−
1 ' O(ω) at ω → 0+, these Fourier transforms have a δ
singularity at ω = 0 and a regular part for ω < 0:
Γ±(ω) = 2piΛ± (δ(ω) +B±(−ω)) (B15)
where B±(ω) are regular functions vanishing for ω < 0.
As we shall see, once the functions B± are known, the
Fourier transform of the decoherence coefficient is known.
More precisely, using the decomposition given by
Eq. (B15), the Fourier transform of the decoherence co-
efficient Dτ¯/2,−τ¯/2(t, τ) with respect to τ , τ¯ and t can be
decomposed as a sum of 24 = 16 terms. Therefore, each
of the propagators is also a sum of 16 terms. One among
the 16 terms of the modified vacuum propagator con-
tains the Fermi sea contribution. Therefore, the analytic
expressions for the full propagator giving the excess out-
coming single electron coherence involve 31 terms which
will be detailed in the present section. Although quite
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tedious, these expressions provide a perfect control of all
the infrared singularities arising in a direct time domain
computation at vanishing temperature35. A generaliza-
tion of these expressions at non-zero temperatures can
be obtained but this would go beyond the scope of the
present paper.
Before detailing these 31 terms, let us mention that
both auxiliary functions B±(ω) are evaluated for positive
frequencies by solving numerically the following integral
equations:
ωB±(ω) = ±
[
1− t(ω) +
∫ ω
0
dω′B±(ω′) (1− t(ω − ω′))
]
(B16)
where the initial valueB±(0+) is defined using the deriva-
tives of t(ω) :
B±(0+) = ± lim
ω→0+
1− t(ω)
ω
= ∓t′(ω = 0+) (B17)
Expressions in the case of effective short range interac-
tions in the ν = 2 edge channel system are given in ap-
pendix C. They have been used to check the validity of
the numerical solutions for B± in this case.
d. The wave packet contribution
The wave packet contribution is a sum of two contri-
butions of the following form:
∆G(e)wp
(
ω +
Ω
2
, ω − Ω
2
)
= ϕ˜e
(
ω +
Ω
2
)
ϕ˜∗e
(
ω − Ω
2
)
Z
(
ω +
Ω
2
)
Z∗
(
ω − Ω
2
)
(B18a)
+
∫ +∞
−∞
ϕ˜e
(
ω′ +
Ω
2
)
ϕ˜∗e
(
ω′ − Ω
2
)
K(ne)wp (ω, ω
′; Ω) dω′ (B18b)
The first contribution Eq. (B18a) contains the purely
elastic contribution corresponding to the electronic exci-
tation going through the interaction region without expe-
riencing any inelastic process. The elastic scattering am-
plitude Z(ωe) for an electron at incoming energy ~ωe > 0
is given by25:
Z(ωe) = 1 +
∫ ωe
0
B−(ω′) dω′ . (B19)
Let us recall that the inelastic scattering probability for
the electron at initial energy ~ωe is then given by
σin(ωe) = 1− |Z(ωe)|2 . (B20)
The second contribution, which contains the inelastic
wave packet part K
(ne)
wp of the propagator, is given by:
K(ne)wp (ω, ω
′; Ω) = B+(ω′ − ω)Z
(
ω +
Ω
2
)
Z∗
(
ω′ − Ω
2
)
+ conj. (B21a)
+
∫ +∞
−∞
B+(k)B
∗
+(ω
′ − ω − k)Z
(
ω′ +
Ω
2
− k
)
Z∗
(
ω − Ω
2
+ k
)
dk (B21b)
where the notation f(Ω) + conj. should be understood
as f(Ω) + f∗(−Ω).
e. The modified vacuum contribution
The vacuum contribution to the excess single electron
coherence Kmv is given by:
∆G(e)mv
(
ω +
Ω
2
, ω − Ω
2
)
=
∫ +∞
−∞
Kmv(ω, ω
′; Ω)
×ϕ˜e
(
ω′ +
Ω
2
)
ϕ˜∗e
(
ω′ − Ω
2
)
dω′ . (B22)
The modified vacuum propagator Kmv(ω, ω
′,Ω) can be
expressed as a sum of a part arising from singularities
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and a part which involves no δ which is called the regular
part:
Kmv(ω, ω
′; Ω) = K(sing)mv (ω, ω
′; Ω)+
∫ +∞
ω
F (reg)mv (k, ω′; Ω) dk
(B23)
The singular part is given by
K(sing)mv (ω, ω
′; Ω) = B−(Ω) Θ
(
−ω + Ω
2
)
+ conj. (B24a)
+B+(Ω) Θ
(
−ω − Ω
2
)
+ conj. (B24b)
+ Θ
(
−ω + Ω
2
)∫ ∞
0
B−
(
ω′ − k + Ω
2
)
B∗+
(
ω′ − k − Ω
2
)
dk + conj. . (B24c)
The various Heaviside functions Θ shows that
K
(sing)
mv (ω, ω′; Ω) corresponds to discontinuities at
the boundaries between the (e) and (h) quadrants as
well as at the boundaries between the (e/h) and (h)
quadrants26. Finally, the regular part is the integral
over k from ω to infinity of:
F (reg)mv (k, ω′; Ω) = B+
(
−k + Ω
2
)
B−
(
k +
Ω
2
)
+ conj. (B25a)
+B−
(
k +
Ω
2
)
B∗−
(
k − Ω
2
)
Θ(ω′ − k) (B25b)
+B+
(
−k + Ω
2
)
B∗+
(
−k − Ω
2
)
Θ(ω′ + k) (B25c)
+
∫ ∞
0
B∗+
(
ω′ − q − Ω
2
)
B− (ω′ − q + k)B+
(
−k + Ω
2
)
dq + conj. (B25d)
+
∫ ∞
0
B∗−
(
ω′ − q − Ω
2
)
B+ (ω
′ − q − k)B−
(
k +
Ω
2
)
dq + conj. (B25e)
+
∫ ∞
0
dq
∫ ∞
−∞
dq′B+
(
q′ − 1
2
(
q − ω′ − Ω
2
+ k
))
B−
(
−q′ − 1
2
(
k − ω′ − Ω
2
− k
))
(B25f)
×B∗+
(
−q′ − 1
2
(
q − ω′ + Ω
2
+ k
))
B∗−
(
q′ − 1
2
(
q − ω′ + Ω
2
− k
))
3. Numerical evaluation
a. Computation time
From a numerical point of view, the wavepacket prop-
agator Kwp(ω, ω
′; Ω) is easily evaluated since it only in-
volves at most a single integral (the elastic scattering am-
plitude can be computed once and for all). Assuming an
isotropic discretization with n points in both the ω and
Ω directions, complexity of the wave packet contribution
to single electron coherence then scales as O(n3). The
main computational difficulty arises from the term (B25f)
in the modified vacuum propagator Kmv(ω, ω
′; Ω). This
double integral has to be integrated twice, thus leading to
a quadruple integral (complexity O(n4)). Introducing a
discretization on the initial coherence with n2 points, the
full evaluation would naively lead to a O(n6) complexity
for the modified vacuum contribution to the outcoming
coherence. It means that refining the discretization by a
factor 2 would increase the computation time by a factor
64.
However, Eqs. (B12b) and (B12a) show that the prob-
lem has an intrinsic anisotropy: discretization in the ω
variable should be adapted to take into account the en-
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ergy scales introduced by the dynamics itself, whereas it
is reasonable to think that discretization in the Ω direc-
tion should be determined by the time scales associated
with the initial wavepacket. Therefore, introducing an
anisotropic discretization with m points in the Ω direc-
tion and n points in the ω direction leads to an O(m×n5)
complexity which is still very challenging.
Finally, Eq. (B23) can be used to decrease the com-
plexity by one order of magnitude. At fixed, Ω, Kmv
can be computed by decreasing ω and storing the in-
tegral of F (reg)mv . Consequently only one evaluation of
F (reg)mv is required and the total complexity can then be
brought down to O(m × n4). Fortunately, the problem
is well suited to parallelization: our C code exploits the
OpenMP API interface and runs on a Dell PowerEdge
R815 computer with 30 Opteron cores. Fig. 7 shows the
scaling of the computing time as a function of the number
of points n in the ω direction: a doubling n 7→ 2n leads
to an increase by a factor ∼ 15, close to the expected
24 = 16.
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FIG. 7: Computation time as a function of the number n of
points in the ω direction. Dashed curve is a linear fit in a
log-log plot. Best fit is obtained with t = O(n3.85).
b. Testing the accuracy of the code
We have devised specific indicators to test the accu-
racy of the code: they are based on sum rules such as
total charge conservation which had been used in our
study of the relaxation of an electronic excitation with
perfectly defined energy25. In time dependent situations
considered in the present paper, this sum rule is general-
ized into sum rules involving the time dependent average
electric current.
More precisely, due to the relation between the Fourier
components of the electrical current and the edge magne-
toplasmon modes21, the average outcoming electric cur-
rent can be computed straightforwardly from the incom-
ing current and the edge magnetoplasmon transmission
amplitude t(ω):
〈i(t)〉 = −evF
∫ +∞
−∞
dτ χ(τ)|ϕe(t− τ)|2 (B26a)
χ(τ) =
∫ ∞
0
(
t(ω)e−iωτ + c.c.
) dω
2pi
. (B26b)
But it can also be computed directly from the excess
Wigner function obtained by DFT from the excess single
electron coherence in the frequency domain:
〈i(t)〉 = −e
∫ +∞
−∞
∆W
(e)
out(t, ω)
dω
2pi
(B27)
In practice, the case of a free propagation (t(ω) = eiωτ )
provides a stringent test of the code accuracy since in-
creasing the time of flight τ introduces more and more
oscillations in all the integrals that are evaluated. Free
propagation is the worst situation for numerical conver-
gence: in the case of an incoming Landau quasiparti-
cle of duration τe and injected at energy ~ωe such that
ωeτe = 10, the appearance of numerical errors can be seen
on Fig. 8: at τ = 0.8τe, one clearly see that the computed
outcoming excess Wigner function exhibits hole contri-
butions which should not be present. The total charge
departs from the expected value by 5 % for τ = 0.4τe and
by 45 % for τ = 0.8τe and the electrical current (B27)
computed from the excess Wigner function departs by
8 % from the expected one (B26a) for τ = 0.4τe and by
25 % for τ = 0.8τe.
In the presence of interaction, the error rate is much
lower since the integrals involved in the numerical com-
putation do not involve purely oscillating functions. In
order to avoid these problems and maximize the conver-
gence speed of the numerics, we have also compensated
for the global drift of the fractionalized current pulses by
introducing a phase e−iωτ¯ where τ¯ = (τc + τs)/2 in front
of the edge magnetoplasmon scattering matrix. Finally,
the error rates corresponding to the interacting situations
considered in the paper are much lower than the one
discussed in the previous paragraph. Using parameters
given in Table I, for Landau excitations at τs = τe, the
total charge departs from the expected value by 1.8 %
and the current by 6.3 %. For Levitov excitations at
τs = 20τ0, the total charge departs from the expected
value by 4.9 % and the electrical current by 1.2 %.
c. Parameters choice
Table I summarizes the choice of parameters used to
generate the results presented in the present paper. Dis-
cretization in the ω direction has been chosen to maxi-
mize accuracy of the results while keeping the computa-
tion time reasonable. This is challenging since a small
discretization step in ω is required to ensure convergence
of the numerical estimations of the integrals due to terms
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(a) τ = 0 (b) τ = 0.4τe (c) τ = 0.8τe
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FIG. 8: Excess Wigner function ∆W (e)(t, ω) after free propagation for various time of flight τ : (a) incoming excitation with
ωeτe = 10, (b) outcoming excess Wigner function for τ = 0.4τe and (c) for τ = 0.8τe. In the last case, numerical errors are
clearly visible. These figures were obtained using a discretization with n = 1024 points in the ω direction and m = 5× 1024 in
the Ω direction (time resolution 0.052 in t/τe).
Excitation n m ωmax/2pi Ωmax/2pi δt
Landau 1024 5× 1024 3 600 0.0052
Leviton 1024 5× 1024 30 60 0.052
TABLE I: Parameters used to generate the figures presented
in the paper for both the Landau and Leviton excitations. All
parameters are given in units of the characteristic time scale
of the excitation: τe for the Landau quasi-particle and τ0 for
the Leviton.
which oscillate faster with increasing copropagation dis-
tance. Moreover a sufficiently large interval for Ω is also
needed so that the time dependance of the Wigner func-
tion over short time scales (. τe or . τ0) is captured.
The difference between the scales chosen between the
Landau quasi-particle and the Leviton are justified by
the expected scales of variations of the single electron
coherence: in the frequency space, the Leviton coherence
is located close to the Fermi surface and decays exponen-
tially ( ∆G(e)(ω + Ω/2, ω − Ω/2) decays as exp (−2ωτ0)
for ω > 0) whereas the Landau quasi-particle coherence
decays algebraically. Consequently, we had to consider a
much larger sampling domain for the coherence of Lan-
dau quasi-particles than for the Leviton.
Finally, videos have been generated to illustrate the
evolution of the excess Wigner function for Landau
and Levitov quasi-particles with increasing copropaga-
tion distances. Each of these videos involves 100 images.
Appendix C: Basic blocks for the case of ν = 2
In the case of the ν = 2 edge channel system, the
auxiliary functions B±(ω) can be computed analytically
in closed form:
B+(ω) = −iτpcc τpss Θ(ω) +
pspc
2
+
(τs − τc)2
τc
e−iωτc φ1
[
1
2
+ pc, 1, 3; 1− τs
τc
, iω(τs − τc)
]
(C1a)
B−(ω) = Θ(ω)
(
iτc 1F1 [pc, 1; iω(τs − τc)] + i(τs − τc)pc 1F1
[
1
2
+ pc, 2;−iω(τs − τc)
])
(C1b)
where pc/s = (1± cos (θ))/2 and 1F1(α, β; z) denotes the
confluent hypergeometric function and φ1(α, β, γ;x, y)
denotes the Humbert double series41. Finally, an an-
alytical expression can also be obtained for the elastic
scattering amplitude in term of the confluent hypergeo-
metric function 1F1:
Z(ωe) = eiωτc 1F1
[
1 + cos (θ)
2
, 1; iωe(τs − τc)
]
. (C2)
which reduces to a Bessel function at strong coupling.
These analytical expressions have been used to check
14
the numerical solution of the integrodifferential equation (B16) with initial condition given by Eq. (B17).
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